The developmental relationships between gyral structures and white matter tracts have long been debated, but it is still difficult to discern whether they influence each other's development or are causally related. To explore this topic, this study used cats and ferrets as models for species that share similar gyral folding patterns and imaged with diffusion magnetic resonance imaging to compare white matter innervations in homologous gyri and other brain regions. Adult cat and ferret brains were analyzed via diffusion spectrum imaging tractography and homologous regions of interest were compared. Although similar genetic lineage and gyral structures would suggest analogous white matter tracts, tractography reveals significantly differing white matter connectivity in both the visual and auditory cortices. Similarities in connectivity were concentrated primarily in the highly conserved cerebellar region. These results correlate well with existing histological and functional studies of both species. Our results indicate that, while the 2 species may share similar gyral structures, they utilize different white matter connectivity; suggesting that while species may share similar gyral structures, they can develop different underlying white matter connectivity.
Introduction
The neural structures and architecture that underlie brain connectivity and function of different species are a direct result of their unique developmental processes (Markham and Greenough 2004; Hofman 2014) . Over many decades, there have been hypotheses and mounting evidence linking fiber maturation and gyral formation (Goldman-Rakic and Rakic 1984; Barbas and Rempel-Clower 1997; Van Essen 1997; Hilgetag and Barbas 2005) . However, it is still unclear whether they are causally related or whether they affect each other. To explore a clue for this question, in this study, cats (Felis catus) and ferrets (Mustela putorius furo) were used as models of 2 species that have very similar gyral folding patterns, and scanned with diffusion magnetic resonance imaging (MRI) to directly compare fiber pathways in the whole brain between the species. Potentially as a result of being genetically similar animals (Cavagna et al. 2000) , cats and ferrets also share analogous brain structures. The spatial arrangement of sulci and gyri in the caudal half of the ferret cerebral cortex bears a strong resemblance to the cerebral cortex of a cat (Manger et al. 2004; Foxworthy and Meredith 2011; Mayer et al. 2014) .
Because white matter appears homogeneous in conventionally acquired structural MRI images, it is difficult to appreciate detailed fiber pathways within the white matter. Alternative approaches employing tracer injections are limited to the study of a small number of white matter tracts in a localized area of the brain. As a result of recent technical advances in DTI, we can now study white matter pathways across numerous species on a whole brain scale (Basser et al. 1994 (Basser et al. , 2000 Pierpaoli et al. 1996; Cellerini et al. 1997; Makris et al. 1997; Conturo et al. 1999; Jones et al. 1999; Mori et al. 1999; Le Bihan et al. 2001; Catani et al. 2002; Takahashi et al. 2007 Takahashi et al. , 2008 Hagmann et al. 2008) . While diffusion MRI and histological studies of white matter pathways have been done for both cats (Callaway and Katz 1990; Olavarria and Van Sluyters 1995; Kim et al. 2003) and ferrets (Barnette et al. 2009; Kroenke et al. 2009; Bock et al. 2010) , there is a lack of literature examining the similarities and differences between these 2 species. In the current study, we used diffusion MR tractography based on diffusion spectrum imaging (DSI), that is theoretically useful to identify complex fiber directions within an imaging voxel .
Although the similarities of gyral structures and genetics suggest that cat and ferret brains function via similar anatomical connectivity, studies demonstrating differences in visual cortex plasticity suggest differences in white matter pathways in the 2 species (Issa et al. 1999) . A more complete characterization of these differences will allow for a better understanding of the development of white matter pathways across species and their relationships with gyral structures. We mapped gyral structures and underlying fiber pathways in both species, and subsequently, using existing literature, explored the functional significance of detected white matter pathways that showed not only resemblance but also significant difference between the species.
Materials and Methods

Specimen Preparation
We performed scans on the brains of 2 young adult cats and 2 young adult ferrets, all of which were at least 70 days old. All animals were obtained from a group involved in vision research at Harvard Medical School (HMS). All procedures were approved by the Massachusetts General Hospital and HMS where the current study was performed. After the cats were euthanized, their brains were perfused with phosphate-buffered saline solution followed by 4% paraformaldehyde, removed from the cranium, and fixed for 1 week in 4% paraformaldehyde solution containing 1 mM gadolinium (Gd-DTPA) MRI contrast agent to reduce the T1 relaxation time while ensuring that enough T2-weighted signal remained. For MR image acquisition, the brains were placed in a Fomblin solution (Fomblin Profludropolyether; Ausimont). Specimens were scanned using a 4.7 T Bruker Biospec MR system at the A.A. Martinos Center for Biomedical Imaging.
Scanning Parameters
The pulse sequence used for image acquisition was a 3D diffusion-weighted spin-echo echo-planar imaging sequence, TR/TE 1000/40 ms, with an imaging matrix of 96 × 96 × 128 pixels. Spatial resolution was 550 × 550 × 600 μm. Anisotropic resolution may produce less spatial resolution along a longer axis compared with that along a shorter axis, which may mean that DSI tractography has less potential to resolve crossing pathways in the direction along the longer axis. However, the voxel size used for the cats and ferrets was nearly isotropic (less than 10% difference) and we believe it did not bias our tractography significantly.
We performed diffusion spectrum encoding as previously described (Wedeen et al. 2005) . Briefly, we acquired 515 diffusionweighted measurements, corresponding to a cubic lattice in q-space contained within the interior of a ball of maximum radius b max = 4 × 10 4 cm 2 /s, with δ = 12.0 ms, Δ = 24.2 ms. The total acquisition time was 18.5 h for each experiment.
Diffusion Data Analyses-DSI Reconstruction
Diffusion Toolkit (http://trackvis.org) was used for DSI reconstruction. DSI reconstruction was based on the Fourier relationship of the attenuated echo signal in q-space E(q) and the average diffusion propagator of the water molecular diffusion P s (R):
where R is the relative displacement of water molecular diffusion during the diffusion time Δ (Callaghan 1991) . Based on this calculation, applying a 3-dimensional (3D) Fourier transform to the echo signal over the q-space would lead us to obtain the 3D probability density function (PDF) and then map the fiber orientations (Lin et al. 2003; Wedeen et al. 2005) . The transformation from q-space signal to PDF values was performed voxel-by-voxel. To visualize the PDF, we integrated the second moment of PDF along each radial direction to acquire the orientation distribution function (ODF). In this study, we reconstructed the ODF within each voxel by interpolating along 181 radial directions, as calculated from the vertices of a regular and triangular mesh of the unit sphere surface. By comparing the length of each vector with the lengths of its neighboring vectors, we could obtain the orientational local maxima to represent intravoxel fiber orientations. We normalized all ODFs by the maximum ODF length within each voxel, and calculated fractional anisotropy (FA) from orientation vectors by fitting the data to the usual tensor model.
Diffusion Data Analyses-Tractography
We used Diffusion Toolkit to utilize a streamline algorithm for diffusion tractography. Trajectories were propagated by consistently pursuing the orientation vector of least curvature. We terminated tracking when the angle between 2 consecutive orientation vectors was greater than the given threshold (35°) or when the fibers extended outside the brain surface, by using mask images of the brains created by TrackVis (http://trackvis. org) for each specimen. In many tractography studies, FA values are used to terminate fibers in the gray matter, which in adults has lower FA values than the white matter. However, as one of the objectives of our study was to detect fibers in low FA areas, we used brain mask volumes to terminate tractography fibers without using the FA threshold for tractography. Trajectories were displayed on a 3D workstation of TrackVis. The color coding of fibers is based on a standard RGB code, applied to the vector between the end-points of each fiber.
Diffusion Data Analyses-ROI Placement and Restriction Parameters
Regions of interest (ROIs) were placed within each gyrus as shown in Fig. 1 and were used as a start point for determining similar and differing tracts. In cats, the lateral, suprasylvian, and ectosylvian gyri had 15, 9, and 10 ROI spheres, respectively. In ferret, the 3 homologous gyri contained 11, 8, and 7 ROI spheres, respectively. The reduced number of ROI spheres in ferrets reflects a smaller relative brain size. ROIs were placed into the white matter of each gyrus using brain atlases (Rosenquist 1985; Innocenti et al. 2002) .
For Fig. 2 , both cingulum and superior longitudinal fasciculus fibers were isolated using ROIs placed at the terminal ends of each structure. For Fig. 3A and B, ROIs were placed in both the suprasylvian sulcus of area 19 and in area 20 of the visual cortex. In Fig. 3C -F, after filtering against cortical fibers in both the lateral and suprasylvian gyri, in order to show U-fiber development clearly, fibers were filtered based on length. In cats, a minimum length threshold of 4.51 mm was utilized. In ferrets, a minimum length threshold of 5.58 mm was used. In Fig. 4A -D, tracts were obtained by placing ROIs in both the mid-ectosylvian gyrus (EG) in the primary auditory cortex, A1, and at the lowest most point of the posterior EG. For Fig. 4E -H, we set ROIs in the postsylvian gyrus (PG) in cats (EG in ferrets) and again in auditory area A1. Figure 5A -D was obtained by placing tractography start points in the primary visual areas and placing additional ROIs in the lateral geniculate nucleus (LGN) of the thalamus. For Fig. 5E and F, pontocerebellar fibers were isolated by placing ROIs in both the pons and on the lateral surface of the cerebellum. Figure 5G and H was acquired by placing ROIs in the dentate nucleus and setting a sagittal slice filter to exclude horizontal fibers. In order to clearly show innervations from the dentate nucleus, we set a minimum threshold in both cats and ferrets (about 2 mm). Figure 5I and J was obtained by combining the existing Fig. 5G and H and placing additional ROIs in the thalamus. With the exception of Figs 3C-F and 5G and H, no percentage of tracts were omitted or skipped during tractography. All figures generated using ROIs with any-part selectivity filters in TrackVis. For specific ROI placement and relative sizes refer to red circles (spherical ROIs) and orange rectangles (hand drawn ROIs) in Figs 2-5.
Results
Cerebral Fibers
Tractography of the lateral gyrus in cats revealed branching projections from the cingulum bundle that were not found in ferrets. Figure 2A and B showed the cingulum bundles of both species in their entirety, highlighting the significantly differing branching and thickness. While the ferret cingulum bundle remained primarily on the midline of the brain, the cat cingulum extends further and terminated in the visual cortex (see red arrows in Fig. 2A ). In the posterior lateral gyrus of the cat brain, we also detected a set of association fibers connecting areas 19 and 20 of the cat visual cortex (Fig. 3A,B) . When ROIs were placed in homologous visual areas in ferrets no such fibers were observed. Additional tractography of the lateral gyrus revealed U-fiber tracts extending to the suprasylvian gyrus along the length of the gyrus (Fig. 3C) . Similar seed ROIs placed in ferrets showed no such U-fiber development (see red arrows in Fig. 3C,D) .
ROIs placed in the suprasylvian gyrus of both cats and ferrets showed similar fiber structures. Figure 3E and F shows U-fiber connections in both species extending down to the EG. Additional fiber similarities in the suprasylvian gyrus include pathways running longitudinally through the suprasylvian gyrus of both cats and ferrets. The cat pathway has terminal points in both the frontal and visual cortices of the brain (Fig. 2C) , while the ferret pathway begins in the frontal cortex and terminates more anteriorly in the parietal cortex (Fig. 2D , see also yellow arrows in Fig. 2E,F) . In addition to its more anterior development, the ferret pathway also is considerably thinner and rougher than its cat counterpart.
Visual cortex fibers imaged in both cats and ferrets included thalamo-cortical bundles between the LGN and the primary visual cortex (Fig. 5 , see red circles in Fig. 5A ,B for placement of ROIs). In cats, these tracts extended into both the posterior lateral and suprasylvian gyri while in ferrets they are limited to the lateral gyrus (red arrow in Fig. 5C shows suprasylvian innervations in cats). The tracts observed in cats appear more tightly bound and innervate a larger portion of the thalamus (see yellow arrows in Fig. 5C,D) . Tractography of the EG yielded several association fibers in both cat and ferret brains (Fig. 4 , see red circles for placement of ROIs). In cats, the pathway shown in (Fig. 4A,B) . ROIs placed in homologous locations in ferrets yielded substantially differing tracts (Fig. 4C,D) . As in cats, ferret brains contained a set of fiber tracts along the posterior EG. While the fibers found in cats remained principally in the auditory cortex, the fibers found in ferrets extended into area 21 of the ferret visual cortex (see red arrow in Fig. 4C ).
The cortico-cortical tracts shown in Fig. 4E -H were relatively similar in both cat and ferret brains (the difference in color mapping is due to the angled orientation of the EG in relation to the ferret brain). In cats, tracts originate in the anterior auditory field (AAF) and A1 and terminated in the PG, while, in ferrets, tracts originated in the AAF and terminate in the EG.
Cerebellar Fibers
In addition to comparing gyral structures of ferret and cat brains, we examined cerebellar pathways. Seed ROIs placed in the pons revealed pontocerebellar tracts that were nearly identical in both species. These bundles ran from the base of the pons to the posterior lobe of the cerebellum (Fig. 5E ,F, see red circles for placement of ROIs). By placing ROIs in the dentate nucleus, we were able to observe fibers that extended throughout the cerebellum (Fig. 5G ,H, see orange rectangles for placement of ROIs). Although the ferret cerebellum is more posteriorly located and occupies a smaller relative space, the branching pattern and distribution of major bundles in the anterior and posterior lobes was homologous. Fibers extending out the cerebellum exhibited similar connectivity and branching. ROIs placed in the dentate nucleus of both cats and ferrets show dentatothamalic tracts extending, through the superior peduncle, into the ventral lateral nucleus of the thalamus and the striatum (see red arrows in Fig. 5J , see red circles for placement of ROIs). 
Discussion
In this study, we present a comparative DSI tractography focusing on cat and ferret white matter pathways. We successfully mapped homologous gyral structures in both cats and ferrets and were able to identify several significant differences in their connectivity. Many connectional differences between the 2 species were centered on the visual cortex. Cat brains contained many connections to the visual cortex that were either significantly different or absent in ferrets. Additional connectivity differences were found in the auditory cortices. These results indicate that, while species may share similar gyral structures, they can develop different underlying white matter connectivity.
Differences in Visual Connectivity
Among the white matter tracts mapped, one of the greatest areas of organizational and connectional difference was in the visual cortex. Cats possessed a set of associative pathways connecting visual areas 19 and 20 that were absent in ferrets. Previous lesion and cooling loop studies have shown these areas are integral to the cat's ability to recognize and discriminate patterns (Doty 1971; Sprague 1977; Lomber et al. 1996) . Additional differences were found in the cingulum of both species. While the ferret cingulum remains on the midline of the brain, the cat cingulum bundle branches and extends into visual area 20 (Fig. 2) . This branching pattern of the cat cingulum is consistent with previous studies at various ages (Takahashi et al. 2010) and indicates an underlying difference in the connectivity of the visual cortex. Additional connectional disparities include the longitudinal pathway running through the suprasylvian gyrus, which is typically known to connect the temporal, occipital, and parietal areas of the brain with the frontal lobe . In cats, this pathway can be seen extending from the frontal cortex, through the parietal area, and into the visual cortex. In contrast, the ferret pathway is thinner and located more anteriorly. Additionally, the ferret pathway extends from the frontal lobe and into the sensorimotor area, failing to reach the main visual cortex as in cats (Fig. 2E,F) .
The differing connectivity found in cat and ferret brains may be attributed to anatomical distinctions in their visual systems. Previous anatomical studies have shown ferrets to possess substantially larger receptive fields, more laterally placed eyes, and a stronger visual streak than cats (Stone 1978; Vitek et al. 1985; Zahs and Stryker 1985) . Additional histological studies show that the distribution of ON and OFF centered cells in the LGN and the cortex differs between cats and ferrets (Sanderson 1971; Stryker and Zahs 1983; Law et al. 1988; Zahs and Stryker 1988) . The LGN serves as a relay between the eyes and the primary visual cortex. If the distribution and localization of ON and OFF cells differs in the LGN between the 2 species, it is reasonable to assume differences in white matter tracts will result. The data gathered in this study appear to be consistent with these histological differences. Figure 5 shows differing connectivity between the LGN and the primary visual cortex in cats and ferrets. In cats, the thalamo-cortical fibers from the LGN are tightly bound and innervate areas on both the posterior suprasylvian and lateral gyri. In contrast, homologous white matter pathways in ferrets extend only into the lateral gyrus, despite ferrets being known to have areas of visual activity in the suprasylvian gyrus (Manger et al. , 2004 (Manger et al. , 2005 Ramsay and Meredith 2004; Bizley et al. 2005) .
While not directly relevant to this study, as white matter pathways were being compared across species and did not vary significantly between samples, the cortical surface morphology of the caudal descending lateral gyrus in ferrets can vary inter-individually and inter-sexually (Sawada and Watanabe 2012; Sawada et al. 2015) . A future supplement to this study may include an intra-species examination of gyrification index and diffusion MR measurements across samples to determine a relationship between white matter connectivity and gyrification.
Differences in Auditory Connectivity
The temporal lobe is far larger and more expanded in cats than in ferrets. As a result, we expected connectional and organizational differences between the 2 species. The pathways discussed in Fig. 4A and B show fiber tracts along the posterior EG that runs to A1. This connectivity is integral to proper auditory functions in cats, as deactivations of non-primary auditory areas along the length of the tract have been shown to cause severe sound localization deficits (Malhotra et al. 2004 Lomber and Malhotra 2008) . The fiber tracts shown in Fig. 4C and D, the result of placing ROIs in homologous locations in ferrets, differ widely from those seen in cats. While the corticocortical pathways observed in cats interconnected essential auditory areas, the fiber bundles shown in ferrets extend beyond the ferret auditory cortex into ferret visual area 21. The observation of these white matter tracts is in concordance with previous tracer and electrophysiological studies that observed visual inputs in auditory areas of the ferret brain (Bizley et al. 2007) . The presence of these visuo-auditory connections demonstrates further differences in visual connectivity between the 2 species.
Cerebellar Pathways
Because the cerebellum is a highly conserved portion of the brain and previous electrophysiological studies (Oscarsson 1980; Garwicz 1997) had shown similar functional organization of cerebellar lobes, we expected no significant differences in cerebellar white matter pathways. Tractography within the cerebellum yielded results consistent with this assumption. Pathways extending through the dentate nucleus innervated the anterior and posterior cerebellar lobes similarly in both species. Additional efferent connections from the cerebellum were also similar between the species. In both cats and ferrets dentatothalamic tracts extended through the thalamus and into the striatum. This connectivity is consistent with studies conducted in rats and various species of monkey (Ichinohe et al. 2000; Hoshi et al. 2005; Bostan et al. 2010) , further demonstrating the conserved nature of mammalian cerebellar development.
Limitations
The axonal tension theory (Van Essen 1997) proposes that the mechanical forces necessary for cortical folding come from tension generated by axons pulling strongly interconnected brain regions together. The theory specifically suggests that shortrange interregional connections that traverse sulcal walls cause gyrification, and that sulci form between regions that are not so strongly connected. While this study examines various types of white matter connectivity between homologous gyri, the majority of the observed tracts are not implicated in the tension theory of cortical folding, limiting possible conclusions on the theory. While an absence of U-fibers in a species represents a significant difference in connectivity, it is important to note that U-fibers do not play a major role in the traditional tension model of gyrification. A recent extension to the tension theory (Herculano-Houzel et al. 2010) , stating axonal tension caused by increasing subcortical white matter connectivity, pulls down on the adjacent cortical gray matter to generate folding, suggests a possible implication of U-fibers in gyrification; however, because of the qualitative nature of this study it is difficult to assess their direct impact. Furthermore, it is important to recognize the presence of additional types of white matter pathways in the area and their potential collective role in gyrification. Recent studies examining the axonal tension theory have found that, while axonal tension plays a role during brain development, it is not the primary cause of cortical folding (Xu et al. 2010; Rash et al. 2013) . Alternative mechanisms, such as growth of large axonal tracts (Goldman-Rakic and Rakic 1984) , in late neurogenesis even postnatally in some species (Ferrer et al. 1988; Schmidt et al. 2012) suggest multiple mechanisms may be responsible for secondary and tertiary gyrification.
Based on our results, we see that it is possible that similar gyral structures can have different underlying white matter connectivity in different species. While we observed differing connectivity in adult brains, it is important to recognize the possibility of developmental pruning. It is possible that cat and ferret brains had similar white matter tracts during development, but subsequent pruning during maturation led to the observed differences. Because this study intended only to examine adult cats and ferrets, with the data available, we were unable to draw conclusions on the white matter tracts during early gyral development. A comparison of embryological data of cat/ferret and/or other species will help in understanding whether gyral connectivity is inherently different between the 2 species or is a product of axonal pruning during development, while also helping to further investigate the causality of the relationships between gyrification and fiber development.
